Fixed-pitch fixed-speed (FPFS) wind turbines have some distinct advantages over other topologies for small wind turbines, particularly for low wind speed sites. The blade design of FPFS wind turbines is fundamentally different to fixed-pitch variablespeed wind turbine blade design. Theoretically, it is difficult to obtain a global mathematical solution for the blade design optimisation. Through case studies of a given baseline wind turbine and its blade airfoil, this paper aims to demonstrate a practical method for optimum blade design of FPFS small wind turbines. The optimum blade design is based on the aerodynamic characteristics of the airfoil, that is, the lift and drag coefficients, and the annual mean wind speed. The design parameters for the blade optimisation include design wind speed, design tip speed ratio, and design attack angle. A series of design case studies using various design parameters are investigated for the wind turbine blade design. The design outcomes are analyzed and compared to each other against power performance of the rotor and annual energy production. The design outcomes from the limited design cases demonstrate clearly which blade design provides the best performance. This approach can be used for any practice of FPFS wind turbine blade design and refurbishment.
Introduction
Wind energy has been receiving more and more attention as one of the most viable renewable energy sources. Wind turbine technologies have been developed to achieve better performance for harvesting the energy in the wind in the last two decades. One of the major R&D areas for wind turbine technology development is blade design optimisation [1] .
For small-and medium-size wind turbines, fixed-pitch or stall-regulated horizontal-axis wind turbine is one of the two common topologies in both research and industrial sectors, and the other one is pitch-controlled wind turbine [2] .
For fixed-pitch wind turbines, there are two different rotor speed control strategies, that is, fixed speed and variable speed [2, 3] .
Due to the nature of fixed-speed control, a fixed-pitch fixed-speed (FPFS) wind turbine uses asynchronous or induction generator with gearbox connected to the rotor, and the generator can be directly tied to the grid [2] .
Because of the unique advantage of direct grid connection using asynchronous generators, even though with relative lower rotor power coefficient C PR than its variable-speed version at wind speed away from design wind speed, there are still much interest in both research and industrial sectors in developing efficient wind turbines of the type [4] [5] [6] .
It is obvious that the rotor design of fixed-speed wind turbines differs from variable-speed wind turbines. There are a few questions to ask so as to determine an optimal rotor or blade design. What is the optimal design wind speed given the rated power of the wind turbine and wind resources, that is, annual mean wind speed? What is the optimal rotor speed for the wind turbine? What is the best attack angle for the blade design given the blade airfoil and its aerodynamic characteristics?
Compared to variable-speed wind turbines which use complicated converters for grid connection, fixed-speed wind turbines have the advantageous of being simple, robust, and reliable, well proven and of low cost [5] . Venkatesh and Kulkarni's research work demonstrated that with high values of Weibulls shape parameter, FPFS wind turbines are fairly competitive in terms of annual energy production (AEP), which is about 88% of its variable-speed version [6] . Therefore, they are used widely in small and medium wind energy market [7] .
Blade aerodynamic design and analysis is the first step to achieve the expected power performance. The blade design parameters include airfoil shape, design attack angle, design tip speed ratio, and rated wind speed, which are to be considered in the wind turbine blade aerodynamic design stage. The selection of these blade parameters is often based on blade element momentum (BEM) theory [8] .
Further blade design optimisation is essential to achieve a better power performance. Previous research indicates that wind turbine blade design optimisation has been carried out based on BEM theory, generally in an iterative way [9] . Bak's research work on the sensitivity of key parameters in wind turbine blade design on power performance demonstrated that the design tip speed ratio should be between 5.5 and 8.5 depending on the airfoil performance [10] .
Researchers have been trying to use advanced computational fluid dynamics (CFD) methods for wind turbine blade design optimisation. For example, CFD was used by Thumthae and Chitsomboon to calculate the optimal attack angles so as to achieve maximum power outputs for an untwisted horizontal axis wind turbine blade [11] . This is partly due to the flows passing through and around the rotating blades tending to interact, which can only be modelled in 3D flow domain. The other reason is that 2D aerodynamic data from wind tunnel testing are generally not available at high attack angles. At a high attack angle, the flow around the airfoil starts to separate, which leads to stall. 3D CFD aerodynamic models have been therefore developed with the aim to obtain a detailed 3D flow but have not yet become a well-accepted engineering tool due to uncertainties [12] . It remains a challenge to predict the stall accurately, which is typical for FPFS wind turbines under high winds or high attack angles. The aerodynamic behaviours of rotating wind turbine blades at high attack angles have not been fully understood.
Modern artificial intelligence (AI) control algorithms are also used in wind turbine blade design optimisation. For example, artificial neural networks were also presented to estimate the optimal tip speed ratio for wind turbines [13, 14] . However, the AI optimization methods are dealing with individual design parameters, which are intertwined and should be considered simultaneously. There is a need to address the selection principles of these parameters before executing blade design codes and evaluate the impacts of these parameters on the annual energy production (AEP).
This paper aims to demonstrate a practical method for the blade design optimisation for FPFS wind turbines through a 10 kW wind turbine blade design case study using airfoil DU93W210 based on maximum AEP for low wind speed sites and, in particular, to highlight the importance of selection of the design wind speed, design tip speed ratio, and design airfoil attack angle for the optimum blade design.
In this paper, we put together different design cases of the wind turbine blade and we use the Schmitz rotor theory [8] to estimate the shape of blades. Then, we use GHBladed [15] to calculate the performance of these blades. The modelling of rotor aerodynamics provided by GH-Bladed is based on the blade element momentum (BEM) theory [8] . The criterion for the optimisation used in this paper is the highest AEP based on a particular wind speed Weibulls distribution.
This paper is structured in the following way. For a comprehensive understanding of the methodology, we briefly summarize the AEP calculation in Section 2. The baseline wind turbine is then introduced in Section 3. The design parameters are discussed in Section 4. Section 5 details the case studies with findings. Section 6 concludes the paper with recommendations.
Annual Energy Production Calculation [16]
2.1. Wind Turbine Generator Power. The power output of a wind turbine generator can be expressed as
where η is the transmission efficiency of the wind turbine, including both mechanical and electrical efficiency, C PR is the rotor power coefficient of the wind turbine, C P = ηC PR is the power coefficient of the wind turbine, ρ is the air density, A = πR 2 is the rotor swept area, and v is the wind velocity.
Wind Speed Weibulls Distribution.
The wind power density is given by
The annual mean wind power density can be expressed as
Considering the natural wind speed frequency distribution throughout the year, that is, Weibulls distribution:
where k is the shape parameter and a is the scale parameter, which depends on the wind resource of the site. The characteristics of wind resources differ from site to site. Then, we have the annual mean wind power density:
If the shape parameter is unknown, the calculation of the AEP for a wind turbine should be based on Rayleigh distribution, which assumes a shape parameter of k = 2 in Weibulls distribution: Here, v is the annual mean wind speed (AMWS):
2.3. Annual Energy Production. The AEP for a wind turbine for a specific site can be expressed as
where C PR (v) is the rotor power coefficient of the wind turbine, which is a complex function of the wind speed (or tip speed ratio) for a fixed-pitch fixed-speed wind turbine.
Baseline Wind Turbine
Let us start from the baseline 10 kW at 9 m/s fixed-pitch fixed-speed wind turbine with a 4-pole asynchronous generator. The basic parameters of the wind turbine are listed in Table 1 .
Design Parameters

Rotor Speed.
Due to noise issue for small-and mediumsize wind turbines, which are generally installed close to properties, the wind turbine blade tip speed should not exceed 70 m/s. For variable-speed machines, a high blade tip speed, such as between 65 m/s and 70 m/s, is normally considered, so as to achieve high rotor power coefficient C PR and wind turbine power performance [10] . However, for fixed-speed machines, we should address the blade tip speed carefully.
Consider the operation wind speed from 3 m/s to 20 m/s and define the blade tip speed 68 m/s, then the tip speed ratio λ in the operation wind speed range varies from 22.667 to 3.4. This basically means at low wind speed, such as at 5 m/s, λ = 13.6, the rotor power coefficient C PR will be very low [8] . If we define blade tip speed 40 m/s, then the tip speed ratio λ in the operation wind speed range varies from 13.333 to 2. Then at wind speed 5 m/s, λ = 8, which is likely to exhibit much better performance for sites with low annual mean wind speed.
Therefore, let us first consider three blade tip speeds 40 m/s, 50 m/s, and 60 m/s, which correspond to rotor speeds 84.883 rpm, 106.103 rpm, and 127.324 rpm, respectively. 
Airfoil and Design Attack Angle.
The airfoil used for the baseline wind turbine is DU93W210. The airfoil performance is affected by Reynolds number, which is defined by [8] :
where, in terms of wind turbine airfoil, ρ is the air density, μ is the air viscosity, U is the relative wind velocity, and L is the chord length of the airfoil. Generally, the Reynolds number of each blade section is not exactly the same. By means of estimation using the method provided by Singh et al. [17] , the Reynolds number of each blade section is between 3×10 5 −5×10 5 for this wind type turbine. To simplify the design process, we choose the Reynolds number 4 × 10 5 as the design Reynolds number. The aerodynamic performance of DU93W210 airfoil at different Reynolds numbers can be calculated using XFoil software, which is widely used to design and analyze airfoils [18] . Figure 1 depicts the lift/drag ratio of the airfoil against the interested attack angles from 0 to 13
• . The maximum lift/drag ratio is C l /C d = 88.72 at attack angle α 0 = 6.0
• .
For the design cases, we offset one design attack angle on both side of the attack angle α 0 = 6.0
• with maximum lift/drag ratio, with a step of 0.5
• in between, and the three design attack angles are α 0 = 5.5
• , α 0 = 6.0 • , and α 0 = 6.5
• . Table 2 lists their C l , C d , and C l /C d .
Design Wind Speed and Rated Wind
Speed. Different to variable-speed machines, there are two sets of wind speed we should consider for fixed-speed machine, that is, maximum power coefficient wind speed and rated wind speed V rated . We call the former the design wind speed V design , which means at this wind speed, the rotor power coefficient C PR achieves its maximum value. At the rated wind speed V rated , the rotor power achieves its nominal power output. In terms of the Rayleigh distribution of wind speed, wind turbine blade design should try to focus on the best power performance at prevailing wind speed range. Then, we have the design tip speed ratio λ 0 in terms of the blade tip speeds in Section 4.2, which are listed in Table 3 . Now we have 18 different blade tip speed ratios listed in Table 3 . Obviously there is no point to consider all of them. Let us choose 5, 6, 7, 8, 9, and 10 as the design tip speed ratio λ 0 for the design cases, then we have 18 combinations of design cases with three attack angles (as listed in Table 2 ).
For the operation, let us consider the combinations of tip speeds listed in Table 4 .
Take the example of λ 0 = 5, at design wind speed 7.5 m/s, the tip speed is 37.5 m/s, there are three design cases with α 0 = 5.5
• , respectively. During the design exercise, we should make sure that the maximum rotor power output does not exceed 11,765 W * 120% = 14,118 W. We are designing a 10 kW wind turbine, the maximum overloading to the generator is 120%, and we should rule out any case with maximum rotor power output over 14,118 W. Otherwise, we are not talking about 10 kW wind turbine. Additionally, with this approach, the rated wind speeds will result from further calculation and analysis.
Design Case Studies
With Different Design Wind Speeds.
Let us first consider design attack angle α 0 = 5.5
• and design tip speed ratio λ 0 = 7. Using GH-Bladed we can calculate the rotor power for design wind speed V design = 5.5 m/s, 6.5 m/s, 7.5 m/s, 8 m/s, and 9 m/s, respectively, as depicted in Figure 2 .
In Figure 2 , for the expression "a * * * na * v * * ", "a" represents attack angle, a55 means α 0 = 5.5
• ; "na" represents design tip speed ratio, na7 means λ 0 = 7; "v" represents design wind speed, v55 means V design = 5.5 m/s. Figure 2 reveals that design wind speed V design = 5.5 m/s and V design = 6.5 m/s are too low for the wind turbine because the wind turbine rotor cannot achieve expected rotor power output 11,765 W for the whole operation wind speed range. Also, when the design wind speed is above 8.5 m/s, the rotor power output exceeds the rated power too much and therefore is not a valid design as well. We should only consider design wind speed between 7.5-8 m/s. Figure 2 also reveals that with higher design wind speed, the rotor exhibits higher power output when the wind speed is higher than about 8 m/s; however, the rotor exhibits lower power output when the wind speed is lower than about 8 m/s. Figure 3 enlarges the figure section for the wind speed between 3-8 m/s. This figure also indicates that higher design wind speed means higher cut-in wind speed. Figure 4 shows the annual energy production (AEP) for annual mean wind speed (AMWS) from 3.5 m/s to 8 m/s, and However when the AWMS is less than 4.5 m/s, things are different. Generally when the AMWS is less than 4.5 m/s, wind energy project should not be considered. Therefore, we can conclude here that design wind speed 8 m/s exhibits better power performance than design wind speed 7.5 m/s.
With Different Design Attack
Angles. Now let us consider different design attack angles by keeping design wind speed V design = 8 m/s and design tip speed ratio λ 0 = 7. Figure 6 depicts the rotor power performances of this set of design cases. Similar to Figure 2 , in Figure 6 , for the expression "a * * * na * v * * ", "a" represents attack angle, a55 means α 0 = 5.5
• ; "na" represents design tip speed ratio, na7 means λ 0 = 7; "v" represents design wind speed, v80 means V design = 8.0 m/s. Figure 7 shows the annual energy production (AEP) for annual mean wind speed (AMWS) from 3.5 m/s to 8 m/s.
Figures 6 and 7 demonstrate that α 0 = 5.5
• exhibits better power performance than α 0 = 6.0
• and α 0 = 6.5
• , even though the maximum lift/drag ratio appears at attack angle α 0 = 6.0
• . 
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With Different Design Tip Speed
Ratio. Now let us consider different design tip speed ratio by keeping design wind speed V design = 8 m/s and design attack angle α 0 = 5.5
• . Figure 8 depicts the rotor power performances of this set of design cases.
Similar to Figure 2 , in Figure 8 , for the expression "a * * * na * v * * ", "a" represents attack angle, a55 means α 0 = 5.5
• ; "na" represents design tip speed ratio, na7 means λ 0 = 7; "v" represents design wind speed, v80 means V design = 8.0 m/s. • for AMWS between 3.5-8 m/s. Figure 8 demonstrates that with higher design tip speed ratio, the rotor exhibits higher power output when the wind speed is higher than about 7 m/s; however, the rotor exhibits lower power output when the wind speed is lower than about 7 m/s. Figure 9 enlarges the figure section for the wind speed between 3-6 m/s. This figure also shows that higher design tip speed ratio means higher cut-in wind speed. Figure 10 shows the annual energy production (AEP) for annual mean wind speed (AMWS) from 3.5 m/s to 8 m/s, and Figure 11 enlarges the figure section for AMWS between 3.5-7.0 m/s. • for AMWS between 3.5-7.0 m/s.
Figures 10 and 11 reveal that with higher than roughly 6.35 m/s AMWS, higher tip speed ratio exhibits higher AEP. However when the AWMS is less than approximately 6.35 m/s, higher tip speed ratio exhibits lower AEP. At sites in rural areas in the UK, the AMWS is unlikely to be above 6.35 m/s at the hub height for a 10 kW wind turbine. Therefore, a low tip speed ratio should be considered, such as λ 0 = 5-6 if the AMWS is between 5 m/s and 6 m/s.
Conclusions and Recommendations
Through case studies, this paper demonstrates a practical selection method for determining the optimum blade design parameters, that is, design wind speed, tip speed ratio, and attack angle, for a fixed-pitch fixed-speed small wind turbine with a given baseline wind turbine and its blade airfoil. The conclusions and recommendations are as follows:
(1) the best design attack angle for fixed-pitch fixedspeed wind turbine is not necessarily the angle with the maximum C l /C d . For the design case, the best attack angle is α 0 = 5.5
• even though the maximum C l /C d appears at the attack angle α 0 = 6.0
• ;
(2) the design wind speed should be considered carefully for a baseline wind turbine with fixed-pitch fixedspeed control strategy. If the design wind speed is too low, the wind turbine rotor cannot achieve expected rotor power output for the whole operating wind speed range. If the design wind speed is too high, the wind turbine rotor exceeds the rated power too much. For the design case, design wind speed V design = 8 m/s exhibits best performance for any site with annual mean speed above 4.5 m/s; (3) in terms of design tip speed ratio for a fixed-pitch fixed-speed wind turbine, low tip speed ratio is recommended when the annual mean wind speed is low. However, high tip speed ratio yields more energy when the annual mean wind speed is high. For the design case, λ 0 = 5-6 should be considered if the annual mean wind speed is between 5 m/s and 6 m/s; (4) this method can be used for any practice of fixedpitch fixed-speed wind turbine blade design;
(5) this method can be used for wind turbine blade refurbishment. Due to use of the existing gearbox and generator, the rotor speed is fixed, and there is very limited space to change the rotor diameter and blade tip speed. Therefore, when selecting the design attack angle, design wind speed and design tip speed ratio according to the findings of this paper, the above constraint should be considered.
